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Abstract 
Riparian zones (RZ) is area in which sediments typically exhibit strong redox  transitions and play a key role in river metabolism. 
A three-stage oxidation-reduction cores device which perfuse with heterogeneous sediment (gravel and sand) was used in the 
present study to analyze nitrogen removal in the multiple oxidation-reduction environment of river. The monitoring of oxidation-
reduction potential (ORP) on the device confirmed that the system was successfully reproduced three-stage oxidation-reduction 
gradient environment in riparian zones. The results indicated that ammonia nitrogen, nitrate nitrogen, total nitrogen (TN) and 
chemical oxygen demand (COD) can be removed effectively, and the removal rates are 72.05 %, 99.28 %, 78.17 % and 77.64 % 
respectively. And optimum removal efficiency of nitrogen was founded in the first-stage downflow column. The ratio of C/N and 
ammonia nitrogen load of influent influence the nitrogen removal effect, and maximum removal rate of nitrogen was observed 
under the condition that C/N is 8 and ammonia nitrogen load is 2.63 g d-1 m-3. 
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1. Introduction 
Riparian zone, which is the transition zone between water bodies and land [1], plays a vital role in the whole river 
ecosystem. For instance, some studies [2] have found that the riparian zone accounted for 41% of whole ecosystem 
respiration. On account of the advection between water and air, an aerobic environment was formed in the 
subsurface of the riparian zone [3]. With the weakening of advection and the oxygen consumption of microbial 
respiration, the riparian zone converted to anaerobic environment gradually [4]. Due to the existence of aerobic-
anaerobic gradient, biochemical processes such as ammonification, nitrification and denitrification will happen 
when water enter riparian zone [5]. Some studies have reproduced the aerobic-anaerobic environment by 
experimental simulation, and observed a good removal effect of ammonia and nitrate nitrogen [6-7]. At now, the 
status of river quality is worsening in China. In view of the high-efficient of nitrogen removal with aerobic-
anaerobic gradient and characteristics of riparian zone, the article try to simulate the aerobic-anaerobic environment 
of hyporheic zone so as to purify polluted surface water by establishing a multiple redox pilot system. The aim of 
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this study is to provide an effective and practicable technique to purify the polluted surface water in China. In the 
study, we accessed the removal effect and the transformation characteristics of nitrogen in the pilot system, and 
analysis the influence factors such as C/N and ammonia nitrogen load of nitrogen removal in the system. 
2. Method and materials 
2.1 Materials 
Gravel (grain diameter:5-10mm) and quartz sand(grain diameter:2-6mm) were used as fillers in this study. 
Polymethyl methacrylate columns and flexible pipes were also used.  
2.2 Column experiment  
2.2.1 Design concept 
Height difference between every columns is designed to make its inner environment in aerobic and anaerobic 
conditions so that the all system in an alternation of aerobic-anaerobic environment. 
2.2.2 Experiment design 
The whole unit of the experimental columns was shown in Fig.1. Three-stage oxidation-reduction system systems 
were designed. Columns used in this study were about 70 cm high, the inner diameter is 5.5 cm and the outer the 
diameter is 6 cm, column 1 and column 2, column 3 and column 4 were connected by polymethyl methacrylate 
tubes (outer diameter: 2 cm). In every bottom of these columns, about 5 cm was filled with gravel, and the rest part 
in the column was packed with quartz sand. The height difference at each stage between downstream column and 
upstream column is about 10 cm. And. the height difference between two stages is about 3.5 cm from upstream 
column to downstream column.  
Continuous-flow was accomplished by peristaltic pump, the velocity of flow is about 3.14 ml/min. Samples were 
collected at sample sites 1, 3 and 5 (the there sample point is located at the water-air interphase) and at sample sites 
1', 3', 2 and 4.  
Denitrifying bacteria enriched from Fuhe River sediment in Baoding, Hebei, China were added in device at the 
beginning of this experiment, and sampling was carried out after running two weeks. The water qualities of the lab-
scale experiment inlet were list in table 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Schematic diagram of three-stage redox system systems 
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Table 1 Water qualities of the lab-scale experiment inlet (mg/L) 
contamination  CODCr(CH3COOK) NH3-N NO3--N 
concentration 287.2-324.7 6.0-7.5 20.6-23.6 
 
2.2.3 Matters need attention 
a. All columns used in this experiment were packed by aluminium foil to make sure columns keep in dark place 
so that no algae were germinated. 
b. Inflow water in inlet chest should be continuous aerated to make sure aerobic conditions in the column 1. 
2.2.4 Samples Analysis 
ORP were determined by Ph-3C (Leici, shanghai),ˈNH4+, NO3-, total nitrogen (TN) and chemical oxygen 
demand (CODcr) were also determined[8]. 
3.  Results and discussion 
3.1 ORP  
ORP of the water samples were determined in the whole experiment period (Fig. 2). The average Eh value of 
inflow, sample collected from sites 1, 3, 5 is 112.50 mV, 25.83 mV, 86.50 mV, 36.67 mV respectively. Apparently, 
these positions were under oxidizing environment. The average Eh value of sample collected from sites 1’, 2, 3’, 4 
and outflow is -201.2 mV, -189.8 mV, -205.167 mV, -198.667 mV, -135.167 mV respectively. So that the 
environment of Sample sites 1’, 3’ were under strong reducing environment, and the rest were under moderate 
reduction environment, because Eh<-200 mV is under strong reducing environment, Eh>-200 mV is under moderate 
reduction environment[9]. Inflow water from sample site 1 to 1’, 3 to 3’, and 5 to the outlet presented a clear three-
stage oxidation-reduction gradient, it reproduced the environment of riparian zone. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. ORP value at sampling sites of the system (A: inflow water. B: outflow water ) 
The ORP of inflow significantly decreased while it through sample site 1, at the same time, the concentration of 
NH3-N of sample collected from 1 decreased (Fig.3), the respiration at the upper layers of column 1 leaded to the 
rapid decrease of oxygen concentration. The strong respiration activity at the upper layers of column 1 and water 
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saturated with the mediumˈ produced a low ORP lever and strongly reducing environment in sample site 1`. This 
promoted the occurrence of anaerobic processed (denitrification processed). The reoxygenation leaded to the rapid 
raise of ORP with waterfall from column 2 to 3, but still lower then sample collected from 1, the nitrification of the 
upper layers of column2 was weaker than the upper layers of column 1. In general, the system produced reducing 
zone at sample site 3’ and 4, oxidation zone at sample site 5, anaerobic environments at outlet water. 
3.2 Nitrogen transformation 
3.2.1 Inorganic nitrogen 
The pilot system presented a good removal capability of ammonia-nitrogen and nitrate-nitrogen(Fig. 3). For 
ammonia-nitrogen, the average inflow concentration, outflow concentration and removal rate were 6.97 mg/L, 
1.95m mg/L and 72.05 %, respectively. As for nitrate-nitrogen, the average inflow concentration, outflow 
concentration and removal rate were 22.98 mg/L, 0.16 mg/L and 99.28 %, and almost all the nitrate-nitrogen was 
removed. 
Ammonia-nitrogen removals of the downflow columns of the system (Column 1, Column 3 and Column 5) were 
larger than that of upflow columns (Column 2 and Column 4), accounting for 85.6% of total ammonia-nitrogen 
removal. The sample site 1, 3 and 5 in downflow columns were the main positions of ammonia-nitrogen removal, 
that accounted for 79.1 % of total ammonia-nitrogen removal of downward columns. Ammonia-nitrogen removal of 
site 1 contributed much more than site 3 and 5. On one hand, it is because these three positions were near the water-
air interphase, having adequate oxygen to nitration reaction. With the consumption of oxygen and water gradually 
into the anaerobic environment, ammonia-nitrogen removal at the bottom of downflow columns reduces. On the 
other hand, the inflow water with high DO and carbon sources, and ammonia-nitrogen and nitrate-nitrogen reduced 
at the same time with water flow through site 1. And the concentration of nitrite nitrogen increased, nitrite nitrogen 
has been accumulated. At this position, nitrification and denitrification occurred simultaneously with 69.66% 
nitrate-nitrogen removal. Nitrate-nitrogen removal rate was up to 97.83% at the site 1’ through denitrification by 
degrees, with water flow into the anaerobic environment, and almost all the nitrate-nitrogen was removed in the first 
downflow column. Thus, ammonia-nitrogen removal reached by nitrification solely with oxygen as electron 
acceptor at sample site 3 and 5. The inflow of columns 3 and 5 was oxygenated by waterfall only, so that its DO was 
lower than that of site 1 which inflow water was aerated. Plus, with the consumption of carbon source, ammonia-
nitrogen removals at site 3 and 5 were lower than that of site 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Concentration of three kinds of inorganic nitrogen at sample sites of the system (A: inflow water. B: outflow water) 
In the upflow columns, there was no contribution on ammonia-nitrogen removal, and the concentrations of 
ammonia-nitrogen increased contrarily. Thus a small amount of ammonia-nitrogen was produced in the upflow 
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columns. It was supposed because low ORP value at site 2 and 4, led to dissimilation-deoxidization of nitrate and 
produced ammonia-nitrogen [10], therefore the ammonia-nitrogen concentration increased partly. But in general, the 
ammonia-nitrogen generated in the upflow columns is less than removed in the downflow columns. 
3.2.2 Total nitrogen 
The removal rate of TN in system was 79.37% (Fig.4), of which the maximum removal rate is column 1 with 
total removal rate of 91%. However, in downflow columns, the removal rate near the water-air interphase (sample 
site 1,3,5) was account for 72.8% of the total TN removal. Therefore, considerable TN mainly removed near the 
water-air interphase in downflow columns. The nintrate nitrogen is mainly removed at site 1’(Fig.3). Also, the 
removal rate of TN reduced due to the increasing ammoinia at sample site 2, 4 in upflow columns and outflow. Then 
the TN removal in 3, 4, 5 column have gradually increased to 29.37%. Therefore, in the whole system, downflow 
column 1 is the greatest contribution of all while the other columns are steady improved the effect on removal rate 
of TN. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Concentration and removal rate of TN at sample sites of the system(A: inflow water. B: outflow water ) 
3.3  CODCr  
CODCr removal rate varied significantly in the systems, and increased along the direction of water 
gradually(Fig.5). 
The removal rate of CODCr of the downflow columns (columns 1, 3 and 5) constituted 83.3% of the total removal 
rate of the system, contribute to greater CODCr removal in the upflow columns. And the upper layer of downflow 
columns (sample sites 1, 3 and 5) , which constituted 27.52%, 9.63%, 20.24% of the total respectively, produced 
maximum CODCr removal rate. These layers of the downflow columns is oxidation zone and oxygen concentration 
is high, thence the amount and activity of microbial here is higher than in the anoxic and anaerobic zone, and 
organic matter in water can be rapidly consumed, thus greater CODCr removal capacity were showed here. Li [11] 
studied the multi-stage aerobic-anaerobic subsurface flow constructed wetlands, and also found that increasing water 
DO can rapidly improve COD removal rate.  
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Fig. 5. Concentration and removal rate of CODCr at sampling sites of the system(A: inflow water. B: outflow water) 
3.4 Main influence factors of nitrogen removal 
3.4.1 Effect of C/N on TN removal   
Nitrogen need to transform into gas finally to removal by denitrification, and the denitrifying bacteria are 
heterotrophic bacteria, thence organic carbon source is one of the key factors to nitrogen removal.  
The removal rates of TN were determined with the C/N of the inflow water was 2.9, 4.6, 5.8, 7.5 and 8.8, 
respectively, and the influent TN concentrations stabled about 34 mg/L. The removal rate of TN in the system 
increased with the C/N (Fig.6). As a consequence, significant positive correlations were measured between the C/N 
and the removal rate of TN. The TN removal rate increased 16.94%, with the C/N increased from 2.5 to 4.6, 
however, the TN removal rate increased 9.86% only, while the C/N increased to 8.8 from 4.6. The excessively low 
C/N of water restricted the effect of TN removal under the condition of certain influent TN concentrations; the 
maximum TN removal rate is acquired while the C/N is 7.5, thus further addition of carbon source is ineffective to 
significantly improve the TN removal rate, and waste the extra carbon sources.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Relationship between C/N and TN removal rate 
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3.4.2 Effect of ammonia-nitrogen load (AL) on nitrogen removal 
The removal rate of ammonia, nitrate-nitrogen and TN were measured at different ammonia-nitrogen load while 
the inflow nitrate and CODCr concentration were stabled. Table 2 listed the variety of ammoniaˈnitrate and TN 
removal rate with different AL. Little changes of ammonia-nitrogen and TN removal rate were founded, while AL 
increased from 2.05 to 2.63 g/d/m3. When AL increased 2.63 to 3.37 g/d/m3, the removal rate of ammonia-nitrogen 
reduced 21.74 % , but TN 4.90 % only. With AL increased 3.37 to 5.27g/d/m3, the removal rate of ammonia-
nitrogen and TN reduced 22.73 % and 16.13 %. On the other side, nitrate-nitrogen removal rate changed little with 
AL. As a result, removal of ammonia-nitrogen and TN less affected by AL, when AL increased in lower lever, 
however, the removal rate of ammonia-nitrogen were decreased significantly with the increase of AL when AL 
exceed 2.63 g/d/m3, and TN were decreased less. It was due to the removal of ammonia-nitrogen mainly depends on 
the nitrification in oxidation zone of the system, microorganisms attached to the medium is not enough to nitrify the 
excessive ammonia; while nitrate removal mainly depends on the anaerobic denitrification, as long as sufficient 
organic matter, its removal effect was affected by AL little, and to some extent alleviated the reduction in TN, so 
that TN removal effect was less affected than ammonia by AL. 
Table.2. Relationships of ammonia-nitrogen load to nitrogen removal rate 
Ammonia-nitrogen load˄g/d/m3˅ 2.05 2.63 3.37 5.27 
Ammonia removal rate˄%˅ 72.05 72.73 50.99 28.26 
Nitrate-nitrogen removal rate˄%˅ 99.28 99.97 98.46 99.35 
TN removal rate˄%˅ 78.17 76.92 72.02 55.89 
4. Conclusion 
The three-stage oxidation-reduction system reproduced the oxidation-reduction gradient of RZ, and formed three-
stage oxidation-reduction gradient. The distinct structure of three-stage oxidation-reduction gradient, is of desirable 
nitrogen removal environment. The removal rate of ammonia, nitrate-nitrogen, TN were 72.05 %ǃ99.28 %ǃ
78.17 % , respectively. While CODCr is also removed by 77.64 %. Overall, the removal effect of nitrogen and 
CODCr in the downflow columns is better than upflow columns, and preceding downflow columns is better than the 
postern downflow columns. And the most effective nitrogen removal rate achieved at the water-air interphase in the 
downflow columns. C/N and ammonia-nitrogen load impacted the nitrogen removal greatly, Appropriate C/N will 
improve the removal rate of TN effectively, and the maximal will be achieved when the ammonia-nitrogen load is 
2.63 g/d/m3. 
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